Studies have shown that implanting olfactory ensheathing cells (OECs) may be a promising therapeutic strategy to promote functional recovery after spinal cord injury. Several fundamental questions remain, however, regarding their in vivo interactions in the damaged spinal cord. We have induced a clip compression injury at the T10 level of the spinal cord in adult rats. After a delay of 1 week, OECs isolated from embryonic day 18 rats were implanted into the cystic cavity that had formed at the site of injury. Before implantation, OECs were infected with a LacZ-expressing retrovirus. At 3 weeks after implantation, LacZ-expressing OECs survived the implantation procedure and remained localized to the cystic cavity. At the electron microscopic level, the cystic cavity had clusters of LacZ-expressing OECs and numerous Schwann cells lacking LacZ expression. Although labeled OECs made no direct contact with axons, unlabeled Schwann cells were associated with either a single myelinated axon or multiple unmyelinated axons. Positively labeled OEC processes often enveloped multiple Schwann cellaxon units. These observations suggest that the role of OECs as the primary mediators of the beneficial effects on axon growth, myelination, and functional recovery after spinal cord injury may require re-evaluation.
W
orldwide, the annual incidence of spinal cord injury (SCI) ranges from 1.7 to 4 per 100,000 individuals (1) . Among the many strategies to reverse the permanent damage after SCI is the implantation of various cell types, such as olfactory ensheathing cells (OECs), into the site of injury (2) (3) (4) . OECs are glial cells that ensheath the axons of the first cranial nerve. These glia also support the continual new growth of small caliber olfactory axons across the peripheral nervous system-central nervous system border throughout the life of adult mammals (reviewed in refs. [5] [6] [7] [8] . This unique ability has sparked a decade of research investigating the feasibility of these cells as suitable candidates for intraspinal implantation and amelioration of the functional deficits that follow SCI (5, (9) (10) (11) (12) .
OECs isolated from neonatal or adult animals have been surgically implanted into the spinal cord of adult rats after trauma induced by a variety of methods. This implantation strategy has been associated with increased axonal regeneration and͞or sparing of residual axons (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , remyelination of axons (25) (26) (27) (28) (29) (30) (31) , and improved recovery of locomotor function (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) 32) .
OECs have been regarded as a heterogeneous population of cells, sharing antigenic features with both astrocytes and Schwann cells (6, 8) . As such, visualization of OECs after implantation into the damaged spinal cord has been complicated by the lack of specific and definitive markers. Although OECs have been successfully labeled with Hoechst (13, 14) and CellTracker probes (17, 18) , these dyes can be phagocytosed by other cellular elements at the site of intraspinal OEC implantation and result in the overestimation of the survival and migration of these glia (33) . As evidenced by light microscopic observations, adenoviral-mediated (22, 33) and retroviral-mediated (34) transfer of LacZ (22, 33) or adenoviral transfer of GFP (32) has revealed that adult (22, 32, 33) and neonatal (34) rat OECs survive the implantation procedure and remain localized primarily to the site of injury.
In the present study, we implanted either uninfected fetal rat OECs or OECs infected with a retroviral vector containing the gene LacZ into the compressed spinal cord of adult rats. Using a combination of light and electron microscopy, this strategy has allowed us to perform an in-depth characterization of LacZexpressing OECs after intraspinal implantation. We provide unequivocal ultrastructural identification of OECs, revealing that these LacZ-expressing glia do not directly associate with central axons nor do they form myelin sheaths or basal lamina after implantation into the damaged spinal cord of adult rats.
Materials and Methods
Clip Compression Injury. All experiments were performed according to the guidelines of the Canadian Council for the Use and Care of Animals Guidelines and were approved by the Queen's University͞University of Saskatchewan animal welfare committees. Under anesthesia (5.6 mg͞kg ketamine, 4 mg͞kg Rompun, and 0.75 mg͞kg acepromazine), a T10-T11 laminectomy was performed on adult female Wistar rats (225-250 g; n ϭ 45). The exposed spinal cord was left intact, and care was taken to not disrupt the surrounding dura mater. Clip compression injuries (22 g ) and postoperative care were performed as described (35) .
Primary OEC Cultures. OECs were isolated from the olfactory nerve layer of embryonic day 18 Wistar rats as described (36, 37) . (21) . Thus, 1 week after SCIs, the rats were anesthetized as described above and placed into a stereotaxic frame. The original injury site was located, and the parafilm was removed. Cultured OECs were grafted into the cystic cavity, which was clearly visible at the site of injury (n ϭ 32). A fine needle connected to a Hamilton syringe was slowly lowered into the injury site at an angle of Ϸ45°. Approximately 4 ϫ 10 5 cells were injected into the cystic cavity in a volume of 4 l of grafting solution at a rate of 1 l͞min. Control animals received an injection of grafting solu-tion alone (n ϭ 13). The muscle layers and skin were closed, and after recovery, the animals were cared for daily, as described above. 
Results
All rats received a clip compression injury at the T10 segment of the spinal cord by using modified aneurysm clips. One week later, animals received an injection of either (i) vehicle control solution (n ϭ 13), (ii) uninfected OECs (n ϭ 22), or (iii) LacZ-expressing OECs (n ϭ 10). Three weeks later, the rats were perfused, and the spinal cords were examined. In animals that received vehicle injection alone, a faint rim of growthassociated protein-43 kDa (GAP-43) immunopositive processes was observed around the perimeter of the cystic cavity (Fig. 1A) . Compared with controls, in animals that received intraspinal implantation of noninfected fetal rat OECs there was a dramatic increase in the amount of GAP-43 immunopositive processes that invaded the cystic cavity and the neighboring spinal cord parenchyma (Fig. 1B) . Colocalization of GAP-43 and neurofilament immunoreactivities revealed that many, but not all, of these processes were axons ( Fig. 1 C and D) . It is most likely that these axons were of CNS origin, as they did not express conventional markers of peripheral axons (e.g., calcitonin gene-related peptide͞substance P-expressing nociceptive sensory afferents, tyrosine hydroxylase͞pan-neurotrophin receptor (p75NTR)-expressing postganglionic sympathetic axons, or choline acetyltransferase͞vesicular acetylcholine transporter-expressing motor axons; n ϭ 6, data not shown). The GAP-43 immunopositive processes that did not colocalize with neurofilament may be host Schwann cells ( Fig. 1 C and D) , which express GAP-43 (38, 39) and have been shown to migrate into the damaged spinal cord in several models of SCI (40) (41) (42) (43) (44) (45) . Because OECs and Schwann cells share many antigenic and phenotypic properties (reviewed in refs. 5, 6, and 8), the presence of host Schwann cells within the spinal cord confounded our attempts to characterize the role each cell type plays in promoting the regeneration of axons after SCI and implantation of OECs.
To examine the fate of OECs after implantation into the compressed spinal cord of adult rats, we implanted fetal rat OECs infected with a replication-deficient BAG retrovirus carrying the gene LacZ that encodes for the ␤-galactosidase enzyme (n ϭ 10). Expression of ␤-galactosidase was confirmed by histochemical and immunohistochemical detection of the enzyme in OECs in vitro. ␤-Galactosidase was detectable in both well defined subpopulations of OECs (6), namely the spindleshaped cells that express the pan-neurotrophin receptor (p75NTR) and the flattened multipolar cells that do not express p75NTR (see Fig. 5 , which is published as supporting information on the PNAS web site).
After an 8-h incubation with 5-bromo-3-indolyl-␤-Dgalactosidase (Bluo-gal), clusters of LacZ-expressing OECs could be visualized in 100-m-thick vibratome sections of the injury site in vivo (Fig. 2A) . The clusters of OECs remained localized exclusively to the cystic cavity, indicating that retrovirally infected OECs survived the implantation procedure and did not migrate from the site of implantation, at least at 3 weeks after grafting (Fig. 2 A) . No reaction product was detectable in animals that received either vehicle control injections or implantations of uninfected OECs. In toluidine blue-stained semithin sections of the cystic cavity, the Bluo-gal reaction product was seen as a dark blue precipitate in cells with long, thin processes and an ovoid nucleus, characteristic features of OECs (Fig. 2B) . These OEC processes containing Bluo-gal reaction product encircled large cylindrical clusters of unlabeled cells, including glia associated with a single myelinated axon, and endothelial cells (Fig. 2B) .
The electron-dense reaction product created upon cleavage of the Bluo-gal substrate is suitable for ultrastructural examination because there is specific intracellular labeling and a lack of displacement to extracellular sites (46) . At the electron microscope level, LacZ-expressing OECs with distinct crystalline reaction product localizing to the subnuclear membrane and cytoplasm were observed in the cystic cavity (n ϭ 3 rats; Figs. 3 and 4A). All labeled cells possessed an elongated, irregularshaped nucleus with a modest degree of chromatin immediately adjacent to the nuclear envelope. The cellular processes containing Bluo-gal reaction product were often multilayered and overlapping (Fig. 3A) . These LacZ-expressing OECs were not observed directly associating with myelinated or unmyelinated axons. Rather, numerous myelinated and unmyelinated axons were associated with glia possessing a distinct basal lamina and a nucleus with prominent chromatin clumping beneath the nuclear envelope, two characteristic features of Schwann cells (47) . Most importantly, the cellular cytoplasm associated with these myelinated and unmyelinated axons did not possess Bluogal reaction product (Figs. 3 and 4 A and B) . In fact, positively labeled OECs were seen forming long, thin processes, often enveloping the Schwann cell-axon units but separated by a narrow extracellular space containing collagen (Figs. 3 and 4 A  and B) . In addition, compared to unlabeled host Schwann cells that expressed a distinct basal lamina, adjacent LacZ-expressing OECs did not have a basal lamina (Fig. 4 B and C) .
In other areas of the cystic cavity, numerous Schwann cells were observed associating with both myelinated and unmyelinated axons, in the absence of adjacent LacZ-expressing OECs. Other cell types present at the site of injury and OEC implantation included fibroblasts, endothelial cells, and phagocytic cells. None of these other cell types showed positive histochemical labeling for the Bluo-gal reaction product at the ultrastructural level (data not shown). Additional rats (n ϭ 3) receiving intraspinal implantation of uninfected OECs were examined at the ultrastructural level, and a similar arrangement of glial cells and axons was observed: namely, larger cells with elongated nuclei and long processes wrapping around a central core of Schwann cell-like glia that directly associated with myelinated or unmyelinated axons.
Discussion
There is ample evidence to support the notion that OECs are involved in promoting axonal regeneration, remyelination, and functional recovery after injury and demyelinating lesions in the spinal cord of adult rats (reviewed by refs. 5, 9, 10, 12, 48, and 49). Despite these remarkable and clinically relevant findings, a major impediment to our fundamental understanding of OEC behavior in vivo has been a lack of unequivocal evidence that OECs directly associate with, and myelinate, axons in the damaged CNS. We provide an ultrastructural characterization of labeled OECs in vivo after implantation into the damaged spinal cord of adult rats.
The initial studies that characterized OEC behavior after intraspinal implantation into the damaged cord relied on Hoescht prelabeling (13, 14) . This technique, however, can result in extensive false positive signals (33) and has likely yielded the overestimation of the migratory capacity of OECs in vivo. More recently, genetic strategies such as adenoviral infection with LacZ or GFP (32, 33) , as well as retroviral infection with LacZ (described here), have demonstrated that OECs remain quite localized to the implantation site. In the context of compressive͞ contusive SCI where large cystic cavities form, the fact that implanted OECs remain at the site of injury suggests that these glia may serve as an alternative growth substrate for regenerating axons in the damaged CNS.
In vitro, OECs may switch between a Schwann cell-like morphology and an astrocyte-like morphology, apparently by cytoskeletal alterations regulated by intracellular cAMP levels (50) . This ability to resemble Schwann cells in vitro has led to the widespread assumption that the peripheral type myelin and associated cells observed after implantation of OECs into the damaged spinal cord are bona fide OECs (17, 18, 23, (25) (26) (27) (28) (29) (30) (31) . Although fetal rat OECs can myelinate dorsal root ganglion axons in vitro (36, 37) , recent attempts to demonstrate similar myelination patterns with adult rat OECs have been unsuccessful (51) . Age differences of the animals from which the OECs were harvested, as well as differences in the purification procedures, have made direct comparisons between the discrepant studies difficult. In this in vivo study of implanted fetal rat OECs, no positively labeled cells were observed associating with myelinated axons despite the fact that similar preparations of fetal rat OECs will myelinate dorsal root ganglion neurites in vitro (36, 37) .
The controversy regarding the myelinating capacity of OECs is further complicated by the fact that Schwann cells migrate into the spinal cord extensively after injury (40) (41) (42) (43) (44) (45) , which had previously made it difficult to draw definitive conclusions regarding the behavior of OECs in vivo. For example, using unpurified adult rat OECs implanted into the lesioned corticospinal tract (18) or optic nerve (24), Li et al. reported that ''astrocyte-like OECs'' or ''olfactory nerve fibroblasts'' form a perineurial-like sheath around bundles of ''Schwann cell-like OECs.'' Similar cells forming perineurial-like sheaths were observed after implantation of unpurified neonatal OECs, or OECs combined with olfactory bulb-derived meningeal cells into the demyelinated spinal cord (31) . Without any definitive ultrastructural identification of implanted cells, an alternative explanation for these findings is that the Schwann cell-like OECs were indeed host Schwann cells that had migrated into the site of injury, and the olfactory nerve fibroblasts͞meningeal cells are true OECs. Interestingly, both the olfactory nerve fibroblasts (24) and olfactory bulb-derived meningeal cells (31) bear striking resemblance to our LacZ-expressing OECs.
Consistent with previous reports, when implanted 1 week after compressive͞contusive SCI (21, 45) , OECs survive and are associated with a robust growth of CNS axons compared with vehicle controls. Our ultrastructural examination of the cystic cavity reveals a unique and intricate relationship between implanted LacZ-expressing OECs, host Schwann cells, and central axons. LacZ-expressing fetal rat OECs do not make direct contact with axons, nor do they synthesize a basal lamina. Rather, these OECs are present in clusters in the cystic cavity of the injured spinal cord and appear to extend their cytoplasmic processes so to surround either small or large numbers of Schwann cell-axon units.
The ultrastructural evidence presented in this study suggests that invading host Schwann cells, rather than implanted OECs, are solely responsible for the myelination of central axons in the cystic cavity. There may, however, be other plausible explanations. For example, in contrast to previous studies that have implicated unlabeled neonatal and adult rat OECs as the myelinating glia seen in the damaged spinal cord (17, 18, (25) (26) (27) (28) , we have used LacZ-expressing OECs isolated from embryonic day 18 rats. The main advantage of using fetal cells is that at this developmental time point all of the glial cells in the olfactory nerve layer are OECs, thus negating the need for extensive purification techniques (7) . Although these same fetal rat OECs myelinate dorsal root ganglion axons in vitro (36, 37) , they may respond to environmental cues differently than their neonatal or adult counterparts in the hostile milieu of the damaged spinal cord. An alternative explanation for the inability of fetal OECs to myelinate axons in the damaged spinal cord in vivo is that the expression of LacZ (or its protein product ␤-galactosidase) interferes with myelin synthesis. This notion is unlikely in light of evidence that LacZ expression does not hinder the ability of Schwann cells to produce myelin or associate with unmyelinated axons in vivo (52) . The same study demonstrated robust expression of LacZ by infected Schwann cells during their promyelinating and myelinating stages, making it doubtful that infected OECs down-regulate LacZ while converting to a myelinating or Schwann cell phenotype.
Despite the fact that OECs may not associate directly with axons (but rather indirectly via invading host Schwann cells), it is of paramount importance to note that intraspinal implantation of fetal, neonatal, and adult rat OECs all coincide with an increased growth response of central axons compared to vehicle controls (8, 9, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . OECs secrete a variety of trophic factors, such as nerve growth factor, brain-derived neurotrophic factor, glial cell linederived neurotrophic factor, and ciliary neurotrophic factor (53, 54) . OECs also express several adhesion molecules, such as neural cell adhesion molecule, laminin, and L1 (7, 8) . In addition to creating a supportive environment for axon growth, an exciting possibility is that this combination of growth factors and adhesion molecules provides a permissive substrate for Schwann cell invasion. For example, nerve growth factor binding to pan- neurotrophin receptor (p75NTR) on Schwann cells promotes their migration in vitro (55) . A putative chemotactic effect of OECs on Schwann cells is supported by our observation that Schwann cells are far more abundant in animals that received intraspinal implantation of OECs compared with controls (J.L., J.G.B., and M.D.K., unpublished observations). The exact nature of the extensive interaction between OECs, Schwann cells, and central axons after SCI is clearly an issue that should be resolved before any conclusions can be drawn concerning the therapeutic potential of these cells in the context of human SCI.
